A recent morphometric model that estimates endocranial volume from 3 linear dimensions taken on the outside of the braincase has increased dramatically both the number and the taxonomic breadth of fossil and extant members of the Carnivora with endocranial volume estimates. I present a similar model for the Artiodactyla, relating volume of the endocranial cavity to braincase height, width, and length. Using Akaike information criterion-based modeling methods, I derived a set of predictive equations with respect to a recent supermatrix phylogeny of the Artiodactyla. Three distinct allometric equations are reconstructed: for Bovidae, nonbovid ruminants, and nonruminant artiodactyls. This model accurately predicted endocranial volumes for artiodactyls (R 2 5 0.942), and can be used to expand the available sample of fossil and extant taxa for which endocranial volume estimates exist. This will permit reconstruction of the plesiomorphic scaling of brain volume relative to body mass and testing of hypotheses of the evolution in brain size within the artiodactyl clade and coevolutionary arms races between carnivore and ungulate communities. Dramatic increases in encephalization (brain volume scaled to body mass) have been observed in the evolution of multiple amniote clades Flynn 2007, 2009; Marino et al. 2004; Martin 1990; Nealen and Ricklefs 2001; Sears et al. 2008) , and precisely documenting patterns of increase in encephalization and understanding mechanisms behind these increases have received considerable attention. Correlations between life-history or ecological variables and encephalization have been investigated for numerous extant mammal and bird groups (Gittleman 1986 (Gittleman , 1994 Isler and van Schaik 2006b; Lefebvre et al. 2002; Marino et al. 2004; PerezBarberia et al. 2007; Sol et al. 2005 Sol et al. , 2007 . Greater encephalization has been linked to increased behavioral flexibility and adaptability to novel environments (Ratcliffe et al. 2006; Sol et al. 2005 Sol et al. , 2008 and decreased adult mortality in some taxa (Sol et al. 2007) . As a consequence, many hypotheses have been proposed and tested to explain evolutionary changes in encephalization (Aiello and Wheeler 1995; Allman et al. 1993; Dunbar 1998; Finarelli 2010; Finarelli and Flynn 2009; van Schaik 2006a, 2006b; Marino et al. 2004; Martin 1981; Sol 2009 ). These hypotheses make predictions about patterns of evolution in brain size that should be observed in the fossil record, yet, due to small sample sizes of fossils, derivation and testing of such hypotheses have been based on few, if any, fossil data.
A recent morphometric model that estimates endocranial volume from 3 linear dimensions taken on the outside of the braincase has increased dramatically both the number and the taxonomic breadth of fossil and extant members of the Carnivora with endocranial volume estimates. I present a similar model for the Artiodactyla, relating volume of the endocranial cavity to braincase height, width, and length. Using Akaike information criterion-based modeling methods, I derived a set of predictive equations with respect to a recent supermatrix phylogeny of the Artiodactyla. Three distinct allometric equations are reconstructed: for Bovidae, nonbovid ruminants, and nonruminant artiodactyls. This model accurately predicted endocranial volumes for artiodactyls (R 2 5 0.942), and can be used to expand the available sample of fossil and extant taxa for which endocranial volume estimates exist. This will permit reconstruction of the plesiomorphic scaling of brain volume relative to body mass and testing of hypotheses of the evolution in brain size within the artiodactyl clade and coevolutionary arms races between carnivore and ungulate communities. Dramatic increases in encephalization (brain volume scaled to body mass) have been observed in the evolution of multiple amniote clades Flynn 2007, 2009; Marino et al. 2004; Martin 1990; Nealen and Ricklefs 2001; Sears et al. 2008) , and precisely documenting patterns of increase in encephalization and understanding mechanisms behind these increases have received considerable attention. Correlations between life-history or ecological variables and encephalization have been investigated for numerous extant mammal and bird groups (Gittleman 1986 (Gittleman , 1994 Isler and van Schaik 2006b; Lefebvre et al. 2002; Marino et al. 2004; PerezBarberia et al. 2007; Sol et al. 2005 Sol et al. , 2007 . Greater encephalization has been linked to increased behavioral flexibility and adaptability to novel environments (Ratcliffe et al. 2006; Sol et al. 2005 Sol et al. , 2008 and decreased adult mortality in some taxa (Sol et al. 2007) . As a consequence, many hypotheses have been proposed and tested to explain evolutionary changes in encephalization (Aiello and Wheeler 1995; Allman et al. 1993; Dunbar 1998; Finarelli 2010; Finarelli and Flynn 2009; van Schaik 2006a, 2006b; Marino et al. 2004; Martin 1981; Sol 2009 ). These hypotheses make predictions about patterns of evolution in brain size that should be observed in the fossil record, yet, due to small sample sizes of fossils, derivation and testing of such hypotheses have been based on few, if any, fossil data.
Until recently estimating endocranial volume for fossil taxa has been restricted to a limited set of endocasts, either natural, preserved as fossils (Jerison 1970 (Jerison , 1973 Radinsky 1971 Radinsky , 1973a Radinsky , 1973b Radinsky , 1977 , or virtual, reconstructed from computed tomography scans (Garcia et al. 2007; Marino et al. 2004; Ryan et al. 2008) . A promising (and cost-effective) means to increase sample size for both fossil and extant species is to derive a predictive model of endocranial volume using measurements taken on the outside of the skull. Martin (1990) regressed brain volumes against 3 external measures, braincase length, width, and height, and against the volume formed by these measurements, and this method has been applied successfully to the Carnivora (Finarelli 2006) . This method has increased the sample of endocranial volume estimates for fossil taxa in the Carnivora by an order of magnitude, permitting the 1st comprehensive reconstruction of the plesiomorphic brain volume/body mass allometry for that order (Finarelli and Flynn 2009) , and has been used to test hypotheses of evolution in brain size (Finarelli 2010; Finarelli and Flynn 2009) . However, if hypotheses of the evolution of encephalization among mammalian clades are to be evaluated quantitatively, a need exists for similar expansions of sample sizes for fossil taxa in those groups with well-sampled and well-studied fossil records. I present a newly derived model to estimate endocranial volume from external skull measurements (braincase length, width, and height) for terrestrial species in the mammalian order Artiodactyla (even-toed ungulates). Using this model, I test hypotheses for significant differences in encephalization across major artiodactyl groups.
MATERIALS AND METHODS
External skull measurements.-Following previous derivations of predictive equations for endocranial volume (Elton et al. 2001; Finarelli 2006; Martin 1990 ), I measured braincase length, width, and height for 757 adult specimens from 103 extant species of terrestrial artiodactyls, excluding cetaceans (Geisler et al. 2007; Geisler and Uhen 2003; Spaulding et al. 2009 ). Specimens were housed in the mammalogy collections of the Field Museum of Natural History (Chicago, Illinois) and the American Museum of Natural History (New York). Measured specimens included species from all major familylevel clades (Marcot 2007) . I recorded the linear measurements (mm) with digital calipers. Endocranial volumes (ml) were taken from Bauchot (1985) , Perez-Barberia and Gordon (2005) , and a compilation of data on mammalian brain volume provided by R. D. Martin (see also Isler and van Schaik 2006b; Weisbecker and Goswami 2010) . As with the previous analysis of Carnivora (Finarelli 2006) , endocranial volumes and skull measurement data are species averages across males and females, and I took measurements on both male and female skulls whenever available. Aggregation of measurement data into species averages and reliance on previously reported average endocranial volumes excludes analysis of variation in static (across-individual) allometries. For mammalian fossil taxa, sample sizes and geographic-temporal range rarely will be sufficient to address questions of intraspecific variation (across sexes or across populations). Because the goal of deriving predictive models such as this is to expand the sample size of extant and fossil taxa with endocranial volume estimates, this study analyzes acrossspecies allometries. Endocranial volume data and sample sizes are summarized in Appendix I. All data were natural logtransformed prior to analysis.
The external measurements span the neurocranium along approximately orthogonal axes. I defined braincase length (L) as the chord from nasion (midline nasal-frontal suture) to opisthion (dorsal, midline margin of the foramen magnum Finarelli 2006; Martin 1990; Young 1959) . I defined braincase width (W) as the chord spanning the widest point of braincase across the parietal and squamosal bones (Finarelli 2006; Young 1959) . Braincase height (H) was defined as the chord measuring the greatest height perpendicular to the basioccipital-basisphenoid plane (Finarelli 2006; Young 1959) . Together, these measurements define an approximately rectangular solid bounding the neurocranium. The problem of deriving a predictive equation then becomes one of correlating these dimensions to the volume of the enclosed endocranial cavity.
Model fitting.-The modeling approach adopted here is an expansion of that used for estimating endocranial volume in Carnivora (Finarelli 2006) . Mean endocranial volumes for species were regressed against species average measurements using multiple linear regression, which produced allometric relationships that predict volume from some linear combination of the 3 external skull measurements. I evaluated 7 models, including the measurements in different combinations: the 3 single-measurement models, the 3 possible 2-measurement models, and the model with all 3 measurements. I calculated the likelihood fit for each model using the 2nd-order (small sample corrected) Akaike information criterion (AIC c -Akaike 1973 , 1974 Burnham and Anderson 2002; Hurvich and Tsai 1989) .
The AIC optimizes between model fit and excessive parameterization. I derived an all-Artiodactyla AIC c weighted-average model relating external measurements to endocranial volume by calculating proportional likelihoods for each of the above 7 models, weighting the slope and intercept parameters for each model by that proportional likelihood (Finarelli 2006) , and then summing over the weighted parameter values.
Model fitting relative to phylogeny.-I also tested the support for a single scaling of external skull measures to endocranial volume across all artiodactyls versus model structures composed of sets of clade-specific submodels. When testing hypotheses of multiple allometric relationships across a phylogeny, the most-parsimonious model is always a single allometry (Finarelli 2008; Finarelli and Flynn 2009) . Multiple allometries can predict endocranial volume from external measurements more accurately than a single allometry, but they do so through increased model complexity (Burnham and Anderson 2002) . I used a recent molecular supermatrix phylogenetic analysis (Marcot 2007; Fig. 1) to delimit monophyletic groups and partitioned the Artiodactyla into 10 subclades. The phylogeny was not used to reconstruct a continuous character of endocranial volume or of skull measurements but rather to identify groups to test whether differences exist in the scaling of endocranial volume to external measurements. I combined these groups into 8 potential subclade models. For each subclade I chose the linear measurement model (the included measurements) and parameter estimates (slope and intercept values) that maximized the likelihood for that specific subclade model (Edwards 1992; Royall 1997) . I then calculated the overall model likelihood using AIC c , summing error residuals and parameter counts over the set of subclade models. I used a loglikelihood difference of 2 to indicate a significant difference in model support (Edwards 1992) .
Testing hypotheses of artiodactyl encephalization.-I measured an additional 151 specimens comprising 33 species in the Field Museum collections (Appendix II) to apply this model to extant artiodactyls lacking reported endocranial volumes. With this expanded data set I constructed the artiodactyl brain volume/body mass allometry using majoraxis regression (Sokal and Rohlf 1995) and calculated logEQs for artiodactyl species. LogEQ is the brain : body regression residual and is therefore equal to the natural logarithm of the more familiar encephalization quotient (Finarelli and Flynn 2007) . The Kruskal-Wallis test (Sokal and Rohlf 1995) was used to test whether significantly different degrees of encephalization existed across groups.
RESULTS
Multiple linear regression models.-Each regression model for external skull measurements and endocranial volumes for the entire Artiodactyla fit the data well, with R 2 . 0.80 for all models, and only for braincase height was R 2 , 0.90. Similarly good fits between measurements of the neurocranium and endocranial volume have been reported for Carnivora (Finarelli 2006) and Primates (Elton et al. 2001; Martin 1990) . However, AIC model selection, which assesses the relative ability to minimize residual variance, clearly identifies the 3-measurement model as the preferred model. This model accounts for .99% of the proportional likelihood over the set of 7 candidate models, such that the final weighted-average 3-measurement models are effectively equivalent (Table 1) :
This all-Artiodactyla model fits the observed brain volume data very well (R 2 5 0.928; see Appendix I for estimated brain volumes for the all-Artiodactyla model).
Akaike information criterion-based model selection does not support an all-Artiodactyla model in which a single allometric relationship across all taxa describes the scaling of the external skull measurements to brain volume. Rather, a model proposing 3 distinct allometries was significantly better supported than any other candidate model (Tables 2 and 3 ). This subclade model partitions Artiodactyla into Bovidae, nonbovid ruminant artiodactyls, and nonruminant artiodactyls (Table 4) . Model-estimated brain volumes for this subclade model fit the observed brain volume data with R 2 5 0.942 (Fig. 2) . The model reduced the sum of squared residuals over the all-Artiodactyla model by 23%, and the difference in loglikelihoods between the 2 models is 6.51. Therefore, despite the subclade model estimates doubling the parameters of the all-Artiodactyla model (Table 3) , the decrease in residual error is sufficient to select this model as the preferred one.
The original application of this method to Primates by Martin (1990) assumed isometric scaling between endocranial volume and the volume of the rectangular solid defined by the 3 measurements. For Artiodactyla isometric scaling would be a far simpler model than the subclade model chosen by AIC model selection; 3 estimated parameters characterize the isometric model (slope 5 1, intercept, and variance) compared to 10 parameters for the subclade model (Table 3) . However, residual variance for an isometric model is 68% greater than the subclade model, and the log-likelihood difference is 44.61, indicating that even with the drastic reduction in parameterization, the data firmly reject isometric scaling between external measurements and endocranial volume for Artiodactyla.
Low sample sizes preclude quantitative statistical analysis of relative brain size across artiodactyl families. However, the Kruskal-Wallis test comparing the 3 groupings recovered in the subclade model (Bovidae, nonbovid ruminants, and nonruminant artiodactyls) showed no significant difference in logEQs (H 85,35,16 5 3.62, P 5 0.164).
DISCUSSION
Choice of the appropriate model(s) for estimating endocranial volume.-Akaike information criterion model selection clearly demonstrates the superiority of the subclade model, which models separate regressions for bovids, nonbovid ruminants, and nonruminants over any other model, including the weighted-average and isometric models that construct single prediction equations for Artiodactyla. This is the preferred set of equations for estimating endocranial volume in artiodactyls and should be used for estimating endocranial volumes of species of known phylogenetic position. For extant taxa lacking prior estimates of endocranial volume, this can be a powerful tool to expand sample size. However, fossil taxa can present particular problems with respect to models derived solely with respect to clades based on extant taxa. Certainly those artiodactyl taxa that fall within one of the defined groups easily can be assigned to one of the regression models in Table 4 . However, many fossil taxa are either unstable in their positions across phylogenies or fall outside the artiodactyl crown clade: for example, Diacodexis, Anthracokeryx, or Gobiohyus (Geisler et al. 2007 ; O' Leary and Gatesy 2008; Spaulding et al. 2009 ). In such cases, it could be more appropriate to use the all-Artiodactyla model.
Problems in the estimation of endocranial volume from braincase height.-The utility of estimating internal braincase volume via external measurements is that it is readily extensible to almost all mammalian taxa. However, there 
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FINARELLI-ENDOCRANIAL VOLUME IN ARTIODACTYLAappeared to be discrepancies in the relative fit of the measurements within Carnivora, although this did not appear to be the case in the original analysis of Primates (Finarelli 2006; Martin 1990) , and that the relative performance of the 3 measurements is variable across orders. For Carnivora braincase length is an inferior estimator of brain volume, likely due to variable expansion of the frontal sinuses, causing the length measurement to reflect aspects of both neurocranial and facial development (Finarelli 2006) . However, length does not appear to be an especially poor estimator of volume for Artiodactyla. Length is included in almost all of the preferred models for individual subclades (Table 2) , and it is the only variable chosen for nonruminant Artiodactyla in the subclade model (Table 3) . Thus, even though measuring braincase length to nasion necessarily measures to a point beyond the anterior margin of the brain (Finarelli 2006) , the model is able to scale this error into the intercept term accounting for any added length in the braincase. For Artiodactyla estimating endocranial volume from braincase height appears to be problematic. Among the various models for individual subclades, height is consistently a worse estimator of endocranial volume than either width or length (Table 2) . Of the 8 models in Table 3 , the median loglikelihood difference between the single-measurement model for height and either the length or width models is more than 6 log-likelihood units. The corresponding median log-likelihood difference between the length and width models is only 1.03. In addition, the median differences between the length-width model (excluding height) and the height-length and heightwidth models are 3.16 and 3.21 log-likelihood units worse, respectively. Partial correlations demonstrate that length and width remain significantly correlated with brain volume after Table 2 . Individual regression (Reg) error sums of squares (ESS) and parameter counts (K) are given, as are the values for the total model. Descriptors are H 5 braincase height, L 5 braincase length, and W 5 braincase width. Model Akaike information criterion corrected for small sample size (AIC c ) score and Model lnL (0 is the best observed fit, and progressively more negative lnLs indicate worse fit) indicate total model fit to the data, including penalty for parameterization. The optimal model (model 3) reconstructs 3 distinct regressions and is significantly better than any other competing model. See text for discussion. (Bauchot 1985; R. D. Martin compilation) . Dark gray squares are those species for which volumes are not known but endocranial volumes were estimated with the model presented here (Appendix II).
controlling for body mass (P , 10 26 for both), whereas braincase height is not correlated significantly with brain volume after removing body size (P 5 0.093).
Unfortunately, it is not yet possible to discern a single causal explanation for the poor performance of braincase height. A partial explanation for this difference in predictive performance lies in cranial ornamentation. Highly modified skull roofs can make direct measurement of height difficult or impossible. If, as with length, this error were approximately proportionally constant, it would be scaled into the intercept of the regression models, yet this is not the case. Bony horn cores in large bovids can completely obscure the dorsal surface of the skull (e.g., Cape buffalo [Syncerus caffer]), making it necessary to estimate braincase height. I accomplished this by measuring from the basisphenoid-basioccipital plane vertically to the posterior border of the horns on the occiput. This phenomenon has a large phylogenetic component, because camelids possess no such ornamentation, and the antlers in cervids do not impinge upon the midline of the skull. Also, a substantial body size component contributes to this error; smaller bovids such as duikers (Cephalophus) do not have horn cores that obscure the dorsal skull midline. In addition, a strong sexual dimorphism component can exist in some taxa; female Tragelaphus (with the exception of bongos [T. eurycerus]) do not possess horns. These factors combine to add significant noise to the height measurement, compromising its ability to predict endocranial volume. Braincase height is eliminated from models for nonbovid ruminants and nonruminant artiodactyls in favor of single-predictor models. Given the lack of skull ornamentation among nonruminants, differences in cranial ornamentation cannot be the sole driver of the poor performance for braincase height. However, this does not justify simply removing braincase height from consideration. Although the 3 regressions in the subclade model eliminate height from the estimate of endocranial volume (Table 4) , the all-Artiodactyla model clearly favors incorporating height into the reconstruction over all other models that ignore braincase height.
Basic patterns of artiodactyl encephalization through expanding the extant sample.-The utility of a morphometric model for estimating endocranial volume lies in its ability to expand the sample of taxa with brain-volume estimates. Because fossil skulls complete enough to permit measurement are far more common than complete endocasts (Finarelli and Flynn 2009) , the application of this model to the fossil record is obvious. Also, we lack estimates of endocranial volume for many extant taxa; of 240 artiodactyl species (Wilson and Reeder 2005) , only 103 were incorporated into this analysis. The addition of 33 extant species with endocranial volumes substantially extends the data set for artiodactyl brain volumes.
Brain volumes, not surprisingly, are highly correlated with body masses (Smith et al. 2003) for extant artiodactyls (r 5 0.941; Fig. 3) , and the correlation for taxa with known endocranial volumes is indistinguishable from that of modelestimated species (known volumes: r 5 0.941, estimated volumes: r 5 0.919; 2-tailed P 5 0.181). Major axis regression returned an allometric relationship between brain volume and body mass for Artiodactyla with a slope of 0.604 and an intercept of 2.645. This extant regression is driven effectively by the Bovidae, which is not surprising because this family is both diverse and well-sampled. This analysis includes 85 species in the expanded sample (Fig. 4) , and bovids also span nearly the entire sampled range of body masses, from just over 3 kg (Salt's dik-dik [Madoqua saltiana]) to 680 kg (giant eland [Taurotragus derbianus]- Smith et al. 2003) . Therefore, the distribution of bovid logEQs is centered upon the median line (logEQ 5 0).
Differences appear to characterize the distribution of logEQs among artiodactyl families. For example, Suidae, Tragulidae, and Moschidae appear to have lower degrees of encephalization than do Cervidae, Camelidae, Tayassuidae, and Giraffidae, a pattern previously noted by Bauchot (1985) . However, the distribution of low and high relative brain volumes, at least with respect to a general bovid baseline, does not appear to reflect phylogenetic relatedness among families (Fig. 4) . Relatively low and relatively high brain volumes occur in sister clades (e.g., Suidae and Tayassuidae). In addition, the Kruskal-Wallis test, which examined partitions of the artiodactyl phylogeny failed to recover significant across-group differences in degree of encephalization.
With an extensive and well-studied fossil record (Cifelli 1981; Janis 1989) , Artiodactyla should figure prominently in discussions of the evolution of mammalian encephalization. A particularly interesting hypothesis proposed interspecific competition between contemporary carnivore and ungulate communities as a driver of increased encephalization. Jerison (1970 Jerison ( , 1973 documented relative brain size increases for both carnivores and ungulates through the Cenozoic. When he compared the timing of encephalization increases across groups, he noted that carnivore taxa had larger relative brain sizes than did the ungulates for each geologic period except the Recent. He proposed that the higher encephalization in carnivores (predators) led to selection for increased encephalization in ungulates (prey). This then became a feedback system leading to increased encephalization in carnivore taxa and an evolutionary arms race of ratcheting increase in encephalization (Jerison 1970 (Jerison , 1973 . However, Radinsky (1978) countered that a careful reading of the fossil record showed that although increased overall encephalization occurred in both groups, it did so in a staggered manner and at different times within each group. From this Radinsky argued that little evidence existed for relatively larger brains in carnivores than ungulates at any point in the Cenozoic.
Despite this debate centering on the timing of increased encephalization in a fossil record that spans nearly 60 million years, the number of fossil taxa sampled was quite small (e.g., only one dozen fossil taxa in Carnivora with endocranial volumes -Radinsky 1978) , and this paucity of data had a substantial impact on the ability to test this hypothesis quantitatively. With the addition of the model for Artiodactyla (this study) to one already in place for Carnivora (Finarelli and Flynn 2009 ), hypotheses of interspecific interaction in the evolution of mammalian encephalization are now potentially testable.
